Background: We have previously identified an inverse relationship between cerebral
. As such, memory biases may sustain or worsen the depressed state or in the case of healthy individuals signify increased risk of developing MDD.
Therefore, elucidating plausible molecular mechanisms that support memory and affective biases in the healthy brain is critical to advance our understanding of vulnerability to psychopathology such as MDD.
The serotonin (5-HT) system is involved in memory processes in both humans and animals (Buhot, 1997; Meneses, 1999 Meneses, , 2013 .
Impairment of the 5-HT system is also considered an important etiological factor in MDD (Buhot, Martin, & Segu, 2000; Krishnan & Nestler, 2008) , where the 5-HT system is the main target for antidepressant treatment (Morilak & Frazer, 2004) . Thus, it is plausible that underlying molecular mechanisms may link affective verbal memory processes with risk and resilience architectures for brain disorders with affective symptomatology. This hypothesis is supported by outcomes of pharmacological and dietary manipulations of the 5-HT system; it has consistently been shown that healthy volunteers who have low cerebral 5-HT levels after undergoing acute tryptophan depletion exhibit worsened verbal memory consolidation as compared to baseline (Mendelsohn, Riedel, & Sambeth, 2009; Sambeth et al., 2009) , and they have an impaired recall for positive and neutral words as compared to negative words (Kilkens, Honig, van Nieuwenhoven, Riedel, & Brummer, 2004; Klaassen, Riedel, Deutz, & Van Praag, 2002) .
Conversely, administration of selective serotonin reuptake inhibitors, which putatively increase central 5-HT levels, is associated with enhanced positive affective memory processing (Harmer, 2008; Merens, Willem Van der Does, & Spinhoven, 2007) .
Positron emission tomography (PET) shows that 5-HT 4 receptors
(5-HT 4 R) are particularly abundant in brain regions involved in affective processing and memory, including the hippocampus, amygdala, and frontal cortex (Eglen, Wong, Dumuis, & Bockaert, 1995; Lucas, 2009 ). Our research group has recently published a high-resolution in vivo atlas of the serotonin system in humans, including the 5-HT 4 R (Beliveau & Ganz, 2017 ; downloadable maps are available at this website: https://nru.dk/FS5ht-atlas). Experimental studies also show that pharmacological stimulation of 5HT 4 R improves memory consolidation (Bockaert, Claeysen, Compan, & Dumuis, 2008; King, Marsden, & Fone, 2008) , possibly through increased release of acetylcholine (Bockaert, Claeysen, Compan, & Dumuis, 2004) . In addition, individuals resilient to develop MDD in spite of a familial predisposition have lower striatal 5-HT₄R binding and preclinical evidence suggests that the 5HT 4 R is a potential target for fast-acting antidepressant treatment (Vidal et al., 2014) . We recently provided novel evidence for a link between 5-HT 4 R as imaged by PET and episodic memory performance in healthy humans, where hippocampal 5-HT 4 R binding was found to be inversely related to recall of nonaffective words using the Rey Auditory Verbal Learning Task (RAVLT; Haahr et al., 2013) . However, the association between 5-HT 4 R binding and recall of affective words was not examined and ceiling effects on RAVLT performances motivated a follow-up study in a novel cohort.
Here, we evaluate the association between 5-HT 4 R binding and performance on the Danish Verbal Affective Memory Test-24 (VAMT-24) in a healthy population. In addition to probing the association between brain 5-HT signaling and affective memory, this allowed us to evaluate if our previous findings could be replicated within a novel cohort. Based on our previous findings, we hypothesized to see a negative association between 5-HT 4 R binding and recall of positive, negative, and neutral words. We further expected to find 5-HT 4 R-related differences in recall of positive, negative, and neutral words.
| METHODS AND MATERIALS

| Participants
Twenty-four healthy participants (three women) were recruited through Internet and newspaper advertisement. Eligible participants were screened for current and previous psychiatric symptoms, relevant medical history, alcohol, tobacco, illegal drug use, and abnormal blood tests. They also underwent a neurological examination by a trained clinician. Exclusion criteria for this study were significant medical history, which included psychiatric disorders, head trauma, a family history of psychiatric disorders, drug and alcohol abuse, and current or previous use of psychoactive drugs. Age ranged from 20 to 45 years (age = 26.7 ± 6.4, mean ± SD) and body mass index (BMI) ranged from 19 to 31 kg/m 2 (BMI = 23.6 ± 3.0, mean ± SD; including a prior high school degree) to 5 (>4 years of academic education including a prior high school degree). Educational scores ranged from 1 to 5 (education = 4.0 ± 1.3, mean ± SD). Genotype information for the BDNF val66met and 5-HTTLPR polymorphisms were available for all participants. Genotypes were determined as previously described (Madsen et al., 2016 and 5-HTTLPR polymorphisms and 5-HT 4 R binding (Fisher, Holst, et al., 2015; Fisher et al., 2012) , in methodology-based papers (Greve et al., 2014; Haahr et al., 2014) , and as healthy controls in a sample enriched with individuals with a family history of MDD .
| Measures
| Verbal Affective Memory Task-24
The VAMT-24 is a newly validated 24-word Danish affective memory test for use in healthy volunteers, developed by our research group (Jensen et al., 2016) . It is a computerized test which includes three 
| PET and magnetic resonance imaging
[ 11 C]SB207145 was synthesized as previously described . Immediately after an intravenous bolus injection of London, UK) and each voxel was assigned to the tissue class with the highest probability and this segmentation was subsequently used for delineation of the region of interest. The T2-weighted images served for brain masking purposes. To determine single-subject within PET scan motion and realignment, the automatic image registration algorithm was used (Woods, Cherry, & Mazziotta, 1992) . PET scans were smoothened using a 10 mm within-frame Gaussian filter before alignment. We estimated rigid translation/rotation parameters aligning each PET frame to a single PET frame with sufficient structural information using the scaled least squares cost-function (frame 26: 20-25 mins postinjection). Co-registration of high-resolution MR and PET images was performed using SPM8 based on the mean of frames 10-26, corresponding to a flow-weighted image. Accurate co-registration was confirmed by visual inspection across all planes.
Pvelab was used to automatically delineate regions from the participant's structural MRI scan and time-activity curves within each region were determined (Svarer et al., 2005) . The binding potential
was modeled with the simplified reference tissue model using PMOD (PMOD, Zurich, Switzerland) with cerebellum as a reference region (Marner et al., 2009 ), defined as: Innis et al., 2007) . In total, four regions were included in our model:
frontal cortex, amygdala, hippocampus, and anterior cingulate cortex as these regions are commonly associated with memory and affect regulation (Eglen et al., 1995; Elliott, Rubinsztein, Sahakian, & Dolan, 2002) . The frontal cortex region was delineated as a volume-weighted sum of orbitofrontal cortex, medial inferior frontal gyrus, and superior frontal gyrus, which were defined from the parcellation results using Pvelab.
| Statistics
Statistical analyses were carried out in SPSS (v20.0) and R (v3.0.2; R Core Team, 2013). The lava package in R was used to obtain maximum likelihood estimates. IMM scores were divided by five in order to obtain an equivalent scale to STM and LTM scores. We examined the association between positive, negative, and neutral word recall and 5- Consistent with a previous study from our research group (Fisher, Holst, et al., 2015) , our model included the shared correlation be- Age was included as a covariate of all latent variables given previous evidence supporting the effects on 5-HT 4 R binding and memory (Grady & Craik, 2000; . Consistent with our previous observations (Fisher, Holst, et al., 2015; Fisher et al., 2012 ), a region-specific effect of 5-HTTLPR on frontal cortex binding was included. Sex was omitted as a covariate because there were so few women in the sample. BMI, education, BDNF val66met status, and [ 
| RESULTS
| Descriptive data
Descriptive data are shown in Table 1 an injected mass between 0.7 and 2.3 μg, which is well below 4.5 μg corresponding to less than 5% occupancy (Madsen, Marner, Haahr, Gillings, & Knudsen, 2011) .
| 5-HT 4 R binding and VAMT-24 performance
Our data supported a latent variable model structure as indicated by 
| DISCUSSION
In healthy volunteers, there is a significant inverse relationship between memory performance and 5-HT 4 R binding for positive and neutral word recall but not for negative word recall. These findings confirm our previous findings of a negative association between 5-HT 4 R binding and memory performance (Haahr et al., 2013) , in a novel sample using a test with no ceiling effects and which includes an affective component. The observed associations between in vivo 5-HT 4 R binding and memory for the included regions appeared to be regulated in a global manner and across memory processes, that is encoding, retrieval, and consolidation. Overall, these findings reinforce a link between an endogenous feature of brain 5-HT signaling and memory performance; a critical and often lacking piece of evidence supporting observed brain-behavior relations traditionally studied by exogenous dietary or pharmacological manipulations of the 5-HT system.
In animals, converging evidence supports a potent role for 5-HT 4 R in memory and learning (Bockaert et al., 2008; Meneses, 2013) , and attenuated response to stress and novelty with 5-HT 4 R agonism . Systemic injections of 5-HT 4 R agonists or partial agonists improve performance in a broad spectrum of memory tasks (Bockaert et al., 2004; Marchetti, Dumuis, Bockaert, SoumireuMourat, & Roman, 2000) , however, not always in a straight forward manner as 5-HT 4 R agonists impaired memory in young rats but improved it in old rats (Lamirault & Simon, 2001 ). Thus, our results do not directly reconcile with these animal models, where promnestic effects are generally seen with 5-HT 4 R agonism (Manuel-Apolinar et al., 2005) . We suggest that extrapolating from animal studies that have investigated direct effects of 5-HT 4 R agonism may not translate directly to the present findings, where the BP reflects a composite measure of both receptor density and affinity (Innis et al., 2007) . However, experimental stimulation of the 5-HT 4 R in rodents may reveal an important direct role of this receptor in specific memory processes, which remains to be clarified in humans.
There is some evidence that 5-HT 4 R availability is inversely related to synaptic cerebral 5-HT concentration; for example, 3 weeks of fluoxetine administration to healthy volunteers decreases 5-HT 4 R binding , as is the case for rats exposed to 3 weeks of paroxetine administration (Licht et al., 2009) . From such a possible central 5-HT tonus perspective, the observed inverse relationship be- Importantly, we here replicate our previous findings of an inverse association between memory performance and 5-HT 4 R binding in healthy volunteers (Haahr et al., 2013) within an independent sample and using only high resolution PET scans. Also, the previously used memory paradigm, a 15-word verbal learning task (RAVLT), exhibited severe ceiling effects, while the VAMT-24 was specifically developed for use in healthy individuals and is less prone to ceiling effects compared to the RAVLT (Jensen et al., 2016) . Thus, the current findings validate our previous study using a more sensitive memory test and importantly extend this finding with the use of an affective component of memory in relation to 5-HT 4 R binding.
Of particular interest to the study of affective memory biases, we tested whether word categories (positive, negative, and neutral words) Many previous studies have demonstrated changes in affective processing in response to pharmacological manipulation of 5-HT signaling (Fisher, Haahr, et al., 2015; Harmer, Bhagwagar, Cowen, & Goodwin, 2002; Harmer, Shelley, Cowen, & Goodwin, 2004; Mendelsohn et al., 2009; Molodtsova, 2008) . Therefore, the noted differences in recall of negative words compared to positive and neutral words should also be investigated targeting the 5-HT 4 R with 5-HT acting interventions. Converging evidence supports that antidepressants modulate affective memory systems to ameliorate negative biases in depressive patients (Harmer, 2008; Harmer et al., 2009 ).
The typical antidepressant response interval of 2-3 weeks with SSRI compounds, during which there may be a restructuring of affective orientation, is consistent with the time interval over which antidepressants were shown to affect central 5-HT 4 R in animal models and humans Licht et al., 2009; Marner et al., 2010) .
Thus, 5-HT 4 R-related effects could help explain the time course of antidepressants. Furthermore, future studies integrating a pharmacological challenge of the 5-HT system with a PET radioligand sensitive to acute changes in brain 5-HT levels would be warranted to elucidate how region-specific dynamics are related to affective verbal memory performance.
| Limitations
Although our findings provide evidence for an association between central 5-HT 4 R binding and affective verbal memory recall, some limitations should be considered. Our sample size is small, which may have undermined our ability to disentangle effects on specific memory processes (i.e., encoding, consolidation, and retrieval) and word category specific effects. Notably, our findings do not appear to be driven by individual data points and the replication of a previously reported association between 5-HT 4 R binding and memory performance in healthy volunteers supports the findings (Haahr et al., 2013) . Also, due to the sex distribution (3 women), we were not able to address potential moderating effects of sex on the association between 5-HT 4 R binding and affective memory. This is relevant to consider in future studies
given the prevalence of MDD in women and reported sex differences in 5-HT 4 R binding and other features of the 5-HT system Moses-Kolko et al., 2011) .
